Radiostereometric Analysis (RSA) is validated to predict long-term revision rates within two years post-operation in relation to acetabular wear and femoral migration. einzel-Bild-Röntgen-Analyse (eBRA) is validated to detect acetabular wear to predict long-term revision rates but not femoral migration. 
Strengths and limitations
Strict inclusion criteria were adopted that may have led to the exclusion of potential surrogate markers. RSA and eBRA only detect migration and wear which predicts failure due to aseptic loosening, and not other modes of failure.
introduction
The recent high failures of metal-on-metal (MoM) implants for primary total hip arthroplasty (THA) have highlighted the need for the early identification of failing implants. 1 However, european regulation falls short of providing safety monitoring. Manufacturers require a Conformité européenne (Ce) mark to allow for their implants to be marketed and used in patients. This Ce mark can be obtained from any one of 76 bodies in europe 2,3 with approval required from only one governing body to permit marketing of the device. Despite orthopaedic devices classified as 'Class iii' requiring clinical evidence for their use, manufacturers can still introduce a Class iii product without new evidence in the event that evidence for a similar existing device is demonstrated. 3 However, in the united Kingdom, the Medical Devices Regulation and Safety (MHRA) requires the submission of clinical followup for all new products once Ce approval is given. A recent systematic review has shown that 24% of all hip implants used in the united Kingdom in 2011 had no evidence to support their clinical effectiveness. 4 However, this study did not explore the clinical evidence submitted by manufacturers for marketing approval.
in response to concerns with device regulation, a new framework for the phased introduction of new implants was developed by the 'iDeAl' Collaboration. This involves a five-stage process: idea, Development, exploration, Assessment, long-term follow-up. 5, 6 iDeAl calls for the continual monitoring of newly introduced implants to ensure their safety. in addition, the British orthopaedic Association and Medicines and Healthcare Products Regulatory Agency initiated the "Beyond Compliance" project, 7 which further highlights the need for the safe introduction of new implants with high-quality monitoring. However, both of these schemes are voluntary and rely on the collection of basic post-market surveillance data along with revision rates.
The monitoring schemes currently in place include the National Joint Registry (NJR) 8 and the orthopaedic Data evaluation Panel (oDeP). 9 The NJR is primarily designed to assess long-term outcome by monitoring revision rates, however, it is of limited use in screening new implants as it cannot identity outliers during the first few years of implant use. 10 The National institute for Health and Care excellence (NiCe) states the benchmark for a hip arthroplasty implant is a revision rate of less than 5% at ten years post operation. 11 However, revision is a rare occurrence and implants are initially used in small numbers; the use of revision rate as an early indicator of late failure has been unsuccessful. 1 This point is best highlighted by the introduction of MoM implants, particularly the Articular Surface Replacement (ASR, DePuy, Raynham, Massachusetts). Nearly 100 000 ASR devices were implanted worldwide, 10 000 in the united Kingdom alone, before problems were identified with the delay resulting in significant harm to many patients. 1, 12 oDeP is a voluntary scheme under the NHS to capture data on new implants at three-, five-and ten-year intervals. At each interval, a rating is given with 'A*' now being the highest based on performance and strength of supporting evidence. 9 There are three grades for each follow up interval. Grade A* requires revision rates of less than 5% at ten years within a cohort of 500 patients at the start of the study from more than three centres. Grade A requires better than or equal to 90% survival rate with the same criteria for the cohort. Finally, grade B requires a minimum of 100 patients with a survival rate of better than or equal to 90%. 9 However, the performance is dependent on revision rate and therefore may not be able to identify failing implants early. Notably, the ASR implant had the highest oDeP rating at the time ('3A') before any problems were identified. 13 The current system for implant monitoring is therefore inadequate, as it cannot identify poorly performing implants until many thousands have been inserted. in response, both the iDeAl group and Beyond Compliance have suggested a phased introduction of new implants through pre-market clinical testing prior to the national introduction of a new implant. 6, 7, 14, 15 However, this process can only be delivered with the aid of a cost-effective, simple surrogate outcome measure that can yield clinically useful predictions of future function within two years of an implant being introduced.
Materials and Methods
Objective. we performed a systematic review to determine whether there are validated surrogate markers of long-term revision for primary THA implants. Eligibility criteria. A systematic review of the literature was conducted according to Cochrane guidelines. 16, 17 eligible studies included any systematic review, randomised control trial, cohort, or case-control study investigating a surrogate marker in predicting long-term outcome in primary THA in vivo.
NiCe considers a proven implant to have a revision rate of < 5% at ten years. 11 Therefore, long-term outcome was defined as revision rate of an implant at ten years. However, we also included studies that compared a surrogate marker with revision rate from seven to ten years. we investigated for all modes of failure excluding fracture, dislocation and infection.
Surrogate markers are defined as a measure that can reasonably predict a clinical outcome of interest, regardless of whether it directly measures that clinical outcome. 18 A surrogate marker differs from a risk factor or predictor; a risk factor is present before surgery and affects the outcome (revision) whilst a surrogate marker is present after the operation and correlates with the outcome. we are specifically investigating markers that have been shown to correlate with long-term revision rate.
we included studies that used inferential statistics to investigate the measure of a surrogate marker compared with late revision rate (e.g. regression, chi-squared, sensitivity/specificity, RoC curve univariable/multivariable analysis).
Studies involving hip fracture/dislocation/infection, revision THA, animals and in vitro investigations, or predicting an outcome other than revision were excluded.
validated surrogate markers were classified as any method measured within the first two post-operative years that was statistically shown to correlate with overall implant revision rate at ten years. Search strategy. we did not publish a protocol and this systematic review was not pre-registered. A broad search strategy was developed for Medline and embase (oviD) databases. Separate search strategies were devised for the Cochrane database and Google Scholar.
The search strategy terms for Medline, embase and Cochrane databases can be found in Table i . we used the following terms to search Google Scholar database: Prediction / long-term / ten-year / outcomes / hip arthroplasty / hip replacement.
each search was performed to include articles from each database from the date of their inception to June 8, 2015. No restriction of language was applied, however, if we were unable to obtain a translation of an article, it was excluded. we did not exclude any articles.
Two reviewers (TTM, JAJB) independently performed the initial screening of articles identified from our search strategy based on the title and abstract. Full articles for review were obtained and re-examined according to our inclusion criteria. Finally, the references of any relevant articles were also screened. A third author (AJRP) resolved any discrepancies. Statistical analysis. A standardised data extraction form was used to obtain information concerning each eligible study identified. information extracted included: year of publication, design, level of evidence, sample size, type of surrogate marker, and primary outcome, including statistical significance where relevant. The two reviewers extracted data from relevant articles independently and compared forms separately in order to minimise errors.
we were unable to perform a meta-analysis due to the limited number and heterogeneous nature of the included studies. Risk of bias was not performed as the majority of studies were not trials. For the two systematic reviews included, risk of bias was performed within their respective studies. we have identified themes of validated surrogate markers of long-term outcome in primary THA and report these findings descriptively. we accepted a statistical value of significance to be p ⩽ 0·05 when determining the validity of a surrogate marker.
Results
Search strategy outcome. Following a search of Medline, embase, and Cochrane databases, 1048 studies were identified. A search of Google Scholar and references of included articles identified a further 35 studies totalling 1083 possible studies. we performed a key word search of the ClinicalTrials.gov and NHS evidence databases, which identified no further relevant trials or studies. Following exclusion as per the criteria outlined above, 116 studies were obtained for full article assessment. Details of the screening and exclusion are provided in the Preferred Reporting items for Systematic Reviews and Meta-Analyses (PRiSMA) (Fig. 1) .
A total of 17 studies met the inclusion criteria for our systematic review and assessed the use of surrogate markers of long-term outcome in primary THA (Table ii) . This included two systematic reviews, one randomised control trial (RCT), one case control and 13 case series. Study Preferred Reporting items for Systematic Reviews and Meta-Analyses (PRiSMA) flowchart THA, total hip arthroplasty; RSA, radiostereometric analysis; eBRA, einzel-Bild-Röntgen-Analyse; PRoMs, patient-reported outcome measures
The surrogate markers identified are implant migration and wear, and patient reported outcome measures (Table iii) . implant migration and wear. Ten of the 17 studies validated the use of implant migration and wear (both acetabular and femoral components) within the first two years post-operatively as a surrogate marker for failure (Tables ii and iii) . Two techniques most commonly used included the Radiostereometric Analysis (RSA) and einzelBild-Röntgen-Analyse (eBRA).
A total of six studies used RSA to predict long-term revision rate (two systematic reviews 19, 20 and four cases series [21] [22] [23] [24] ). Stem migration of more than 1 mm to 2 mm in two years correlated with an increased rate of revision in two studies. 19, 21 uncemented stems are designed to have minimal or no migration after two years, further migration is associated with an increased risk of higher revision rates. 19 However, cemented stems can undergo ongoing migration after two years, but less than 2 mm in two years correlates with a late revision rate. The important migration for uncemented stems is distal migration, whereas for cemented stems is femoral head posterior migration.
Acetabular proximal migration ranged from 0.17 mm to 0.24 mm in the first year. A significant wear rate was 19 Four studies used einzel-Bild-Röntgen-Analyse (eBRA) to measure migration of either the acetabular or femoral component (one RCT 26 and three case series 25, 27, 28 ). The quoted accuracy of eBRA is 1.0 to 1.5 mm for the femoral component and 0.8 mm to 1 mm for the acetabular component in all included studies. one study showed eBRA as having a mean difference of 0.08 mm for the measurement of acetabular wear when compared with RSA. Other types of surrogate outcome markers. A total of six studies compared other types of surrogate outcome markers (one case control 33 and five case series [30] [31] [32] 34, 35 ). These included analysis of wear in standard radiographs. Although these methods showed potential as surrogate markers, they have largely been superseded by the accuracy and precision of RSA and eBRA. Functional outcome score. one of the 17 studies investigated the association between functional scores against long-term revision rates (one case series). 29 No significant relation between the 6-minute walk, Harris Hip (HH), SF-36, and Tegner lysholm scores and subsequent revision rate at ten years was shown. 37 Discussion in this study, we systematically reviewed the literature for studies investigating surrogate markers for predicting long-term outcome in THA. The main validated methods include migration and wear measurements through RSA and acetabular wear measurements via eBRA. we found eBRA to be accurate in measuring wear and acetabular migration, but the accuracy in measuring femoral stem migration is poor. Therefore, its use as a surrogate marker of revision for THA may not be adequate to identify failing implants due to femoral wear. Alternatively, RSA has the accuracy and precision to measure stem and acetabular migration in addition to wear.
Surrogate imaging methods seem to show the most promise for identifying devices that are likely to fail prematurely by aseptic loosening but these methods need to have an accuracy of at least 0.1 mm to 0.2 mm 38, 39 in each dimension in order to detect bearing surface wear. RSA is a three-dimensional imaging technique which involves inserting metal beads into the femur and acetabulum to analyse the movement of an implant in relation to its host bone over two years. 40 Several studies have validated the use of RSA against long-term revision rate. This method is very attractive as it is highly accurate and therefore requires small RCTs in order to draw meaningful conclusions about the longevity of an implant. 19, 41 RSA is able to measure migration for both cemented and uncemented femoral stems as well as the wear of hard-on-soft bearing surfaces. 42 However, RSA is difficult to implement, requiring the use of specialist equipment and is thus only performed in a few centres worldwide. Moreover, some types of RSA require implants with attached marker beads to be specially manufactured and therefore the implant design may differ from that of the marketed implant. 43, 44 Although RSA has been shown to identify failing implants early, it may not be a universal method of monitoring new implants to detect all types of failures. in the case of the ASR implant, the mode of failure would not have been detected by implant migration. 45 eBRA, in contrast to RSA, is a two-dimensional imaging programme that measures migration and wear. individual programmes exist for measurement of wear and acetabular or femoral component micromovement. 46 evidence for eBRA was mixed with two studies showing correlation and two which did not. [25] [26] [27] [28] eBRA has adequate accuracy to measure acetabular component migration and wear (threshold 0.1 mm per year), 47 but with a femoral component migration measurement accuracy of only 1 mm to 1.5 mm, eBRA may only be suitable for measuring bearing surface wear. 19 A potential alternative to imaging is the use of PRoMs and functional assessment at 21 days. Although we found no evidence that the HHS predicts revision rates, the oxford Hip Score (oHS) does show promise; 48 a poor oHS score (less than 27) at six months predicted higher early revision rates within two years. 48 However, this was not validated against long-term revision rates. using patient reported outcomes as a surrogate marker has potential benefits over RSA, as the cost of RSA is in the region of £250 000 per trial for each new implant tested, and furthermore, RSA is technically difficult to perform, as it requires specialist equipment and expertise. in the united Kingdom, PRoMs are routinely collected for all patients undergoing THA, and is therefore simpler and potentially far less costly than RSA. 49 in the future, it may be that PRoMs will be a better target as a surrogate marker of long-term outcome due to its cost effectiveness. However, only oHS at six months has been shown to predict revision rates at two years. 48 Moreover, existing PRoMs may not be able to predict long-term implant failure, as implant loosening is a gradual process which only presents with symptoms in its final stages. 50 in addition, the validation of PRoMS as a surrogate measure is likely to require large study numbers to ensure sufficient power for statistical calculations, meaning new implants will need to be used in thousands of patients, with obvious additional costs. in contrast, RSA requires a minimum of 30 patients to predict long-term outcome, and thus is more appropriate for pre-market testing, while PRoMs may be used in post-market surveillance to monitor implants after their general introduction. Limitations. our study used a search strategy with strict inclusion and exclusion criteria. in particular, we included only studies that investigated surrogate markers predicting long-term outcome. Studies investigating markers relating to early revision rates were not included. Therefore, we may have missed some potential surrogate markers. Any study investigating a surrogate marker against mid-term revision rates was analysed but yielded no further results for our systematic review. Furthermore, the search strategy included the term 'predict', thus papers focusing on a causal path or association to failure may have been missed. There is a lack of available indexing terms and so we accept that it would still be possible to miss potential studies. However, a surrogate marker is different to a predictor. Despite this, the term surrogate marker is defined as a measure that can reasonably 'predict' a clinical outcome of interest. Preliminary research has shown that the term prediction was used most often to infer a surrogate marker. Although revision rate is the benchmark for implant performance, studies using this as an outcome may miss some implant failures. Patients may have declined revision surgery, may have been unfit to undergo revision surgery, or indeed may have been reluctant to seek any medical advice.
our search only included studies that have been published, thus allowing for potential publication bias that favours statistically significant results. Due to the varied nature and reporting of studies, we have not analysed the methodological quality of each study, nor have we combined the results. imaging techniques are also limited to detecting movement or wear which is the predominant method of failure in most devices. They may not be able to detect unusual modes of failure such as those observed in MoM devices, where soft-tissue reactions caused local damage before implant loosening occurs. imaging techniques are also limited by their accuracy in that they cannot measure wear in harder bearings such as metal and ceramic. Clinical relevance. The recent catastrophic failure of some MoM implants has ignited the debate around current regulation. 1, 21, 51, 52 There have been calls for change allowing for the phased introduction of new implants, including the use of RSA in RCTs. 5 However, although RSA is useful in most implant types, it can only predict outcome where the mechanism of failure is either migration or wear. 19 Therefore, pre-market investigations using RSA must be undertaken in conjunction with detailed postmarket surveillance. 8, 19 in the case of the ASR implant, RSA would not have detected its failure early as it does not detect modes of failure such as trunnion corrosion, elevated metal ions, frictional torque, or edge loading. 45 Due to the limits of RSA and eBRA in detecting all modes of failure, other surrogate markers are sought in the postmarket surveillance of new implants.
The NJR is an excellent source of information, with almost universal coverage of all THA procedures performed in the united Kingdom, and is therefore highly representative of all types of patients and health professionals. 53 However, in its current format it does not recognise problems with implants until they are revised.
our study revealed numerous studies identifying multiple patient-, surgical-and implant-related factors that are associated with revision rate, but are not surrogate markers. Any post-market surveillance method must adjust for these potential confounding factors.
NJR data (as with other observational studies) are limited by confounding factors, for example, patients and physicians might choose a specific type of prosthesis or surgical approach based on patients' characteristics or surgeon's expertise. A recent study investigating the effect of cement on mortality in primary THAs concluded that the NJR does not contain enough details of potential confounders such as pharmaceutical use, comorbidities, socioeconomic status, lifestyle factors (smoking and drinking alcohol) with known impact on longevity. 54 The past two decades have seen a significant increase in the number of available implants. in 1995, 62 implants were available for use in primary THA, with demonstrable evidence in 30%. 55 in 2011, there was an over four-fold increase to 261, with 24% showing no evidence of clinical effectiveness. 5, 56 Further calls for change have been made to ensure the identification of failing implants newly introduced on the market. A recent study concluded that the orthopaedic Data evaluation Panel benchmark should be reduced from a 10% to a 5% rate of revision at ten years. 57 However, there are still issues up to the five-year mark, with some failing devices getting a good rating after three years. 1 Therefore, surrogate markers of long-term outcome are urgently needed to ascertain the safety of a new implant within two years of surgery in order to reduce further risk and complication to patients. our study has implications to commissioning and regulation of orthopaedic devices. we have shown that the most accurate and reliable validated surrogate marker of outcome for both acetabular and femoral components is RSA. Despite this, RSA can only detect one mode of failure; aseptic loosening; and is inadequate to detect other modes, notably in the case of MoM implants. 45 we recommend its use to evaluate all new implants prior to their general release as part of a phased introduction. This is supported by NiCe, the iDeAl group and other groups. 6, 12, 13 This should be performed on any implant including new materials and bearing surfaces, irrespective of the argument that they are similar to an existing design.
in conclusion this systematic review has found only two validated surrogate markers which can predict the outcome of long-term primary THA: RSA for measurement of implant migration and wear and eBRA for measurement of wear. we recommend the use of these imaging markers in pre-market testing of new implants as part of a phased introduction. However, there is a need to combine this with post-market surveillance in the phased introduction of new implants. The potential use of the oHS is highlighted for early post-market surveillance, and any post-market surveillance model will need to adjust for a number of patient-, surgical-and implantrelated risk factors.
